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Abstract A low pressure radio frequency discharge was used to deposit films by mixtures
of oxygen and titanium (IV) isopropoxide (TTIP) at powers of 200 W on films of polyeth-
ylene-terephthalat and samples of quartz glass. In the non-thermal plasma, films of rather
pure TiO2 could be deposited as revealed by X-ray photo-electron spectroscopy. Besides
the film growth rate and the chemical composition, the spectral behaviour of the spectral
transmittance of visually transparent films was determined in the range from 200 to 500 nm.
Furthermore, the absorptance of films has been derived at characteristic spectral positions of
the transmission spectra of the films. Accordingly, cut-off wavelength was found to increase
with deposition time from 5 to 10 min as well as with the concentration of TTIP in a range
below 1.7%. At 310 nm, the spectral absorption coefficient (extinction coefficient × concen-
tration) was 12µm−1. While keeping other parameters constant, this coefficient decreased
by 4µm−1 due to an increase of the concentration of TTIP from 1.7% to 8%. Simultaneously,
the surface roughness increased as revealed by profilometry. Thus, since the chemical struc-
ture of films was found to change only marginally, a decrease of the film density is likely
to cause the observed dependence of the absorption coefficient with increasing precursor
concentration.
Keywords Titanium dioxide · Plasma enhanced chemical vapour deposition (PECVD) ·
Polymeric substrate · UV absorption · XPS
1. Introduction
Titanium dioxide (TiO2) films have versatile applications, which include ultra-thin film high-
k insulators [1] (40 < ε < 86) in integrated circuits [1–4], and surface passivation [5] as
well as biocompatible coatings [6] availing their chemical and thermal resistance [7, 8].
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Furthermore, the high refractive index material is commonly used for antireflection coatings
on glass [9, 10], and has been proposed as photoanode layer of dye-sensitized nanocrystalline
solar cells [11, 12]. As well as this type of solar cell, light induced splitting of water by means
of TiO2 [13–15] also takes advantage of its photocatalytic surface property.
Since the late eighties, numerous investigations have been dedicated to the photocatalytic
activity of TiO2 films [16–23]. As a consequence, light induced hydrophilic surfaces have
been found to be a striking photocatalytic phenomenon [21, 22] being of interest for new
printing techniques [23].
It should yet be noted that the excellent material properties mentioned above are reported
to be intrinsically tied to at least poly-crystalline TiO2 [1, 9, 21–25]. By far most common
are the two tetragonal structures of TiO2, anatase and rutile. Orthorhombic brookite has been
observed in dip-coated material, only [10].
High quality poly-crystalline TiO2 films are easily formed using various vapour depo-
sition techniques [9, 26]. Among these, chemical vapour deposition (CVD) is considered
to offer the advantage of comparably low film growth temperatures. However, anatase and
rutile are formed at 623 and 1073 K, respectively [27], making substrate heating or post-
deposition annealing necessary, and thereby inhibiting the application of poly-crystalline
TiO2 to temperature sensitive substrate materials as for instance polymers.
Only over recent years, TiO2 films grown at temperatures below 393 K have come to the
focus [28–37]. For instance, a purely chemical approach has been taken to deposit poly-
crystalline films on polymers [36]. However, the film growth rates reported are very much
inferior to CVD techniques.
For amorphous TiO2 grown at low temperatures, plasma-enhanced chemical vapour depo-
sition (PECVD) has been the dominating method, since the non-thermal plasma environment
permits film growth even at room temperature [31]. But still, reports on the plasma-assisted
deposition of amorphous TiO2 films on temperature sensitive materials, especially, on poly-
mers are missing.
In order to fill this lack, we report first results on studying the deposition of amorphous
TiO2 by means of PECVD on films of polyethylene-terephthalate (PET) as an example for
plastic substrates. Films were deposited for varying concentrations of the deposition precursor
titanium (IV) isopropoxide (TTIP) in mixtures with oxygen in a radio frequency discharge.
In order to ascertain the chemical composition of films obtained, X-ray photoelectron spec-
troscopy has been applied.
Several polymers, e.g. polycarbonate, polyacrylic (polymethyl-methacrylate), provide
excellent optical transmission in the visible range, and thus are convenient materials for
substituting glass [10, 38]. However, these materials absorb very effectively ultraviolet (UV)
light causing chain degradation, accompanied by loss of flexibility and translucence [39–41].
Therefore, the absorption properties of films deposited are studied in the present work.
2. Experimental
2.1. Experimental set-up and procedure
Films were deposited in the set-up schematically shown in Fig. 1. Unless described differently
later on, all parts of the set-up were made of stainless steel. The heart of the set-up is a dou-
ble-walled chamber built on the basis of a T-piece pipe fitting for clamping flange (DN 250
ISO-K). Its side-flange is shut by a double-walled blanking flange, which acts as porthole. The
bottom blanking flange supports the feedthroughs of the annular gas shower and the powered
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Fig. 1 Scheme of the experimental set-up
electrode. Inside the chamber, at a height of 13 cm from the chamber bottom, the cylindrical
electric feedthrough meets the electrode, which is a circular plate with a diameter of 14 cm.
Fitted into the dark space shield; gaskets of polytetrafluorethylene (PTFE) with fluoroelas-
tomer (FPM) o-rings seal and centre the electric feedthrough and thus the electrode. The
dark space gap obtained is 0.3 mm inhibiting parasitic discharges. The shield is grounded by
thread-connection to the bottom flange. Outside the chamber, the electric feedthrough of the
powered electrode is directly plugged to the output socket of a LC-matching network (DRES-
LER, VM 1500). The matching adapts the load impedance of the discharge configuration to
the output impedance of the electric generator (DRESSLER, Cesar 1312), which supplies
sinusoidal voltages of a frequency of 13.56 MHz.
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The gas throughfeed supports the annular gas shower, which has a diameter of 23 cm. Both
are made of Ø 6 × 4 mm tube. By means of 24 holes (Ø 0.6 mm) in the shower, the gas is
dispersed toward the centre of the reactor and the substrate holder. In this study, the vertical
position of the gas shower has been fixed to a distance of 4 cm to the substrate holder.
The substrate holder is grounded and of the same diameter as the powered electrode. It is
supported by a rod with rocket tail-shaped plates fixed to the top flange of the chamber. By
this means, the substrate holder is centre-positioned right beneath the exhaust gas exit.
A system of a double stage rotary pump (LEYBOLD, Trivac D 65 B) and a roots pump
(LEYBOLD, RUVAC WS 1001) maintains low-pressure. The base pressure is less than 0.1 Pa
in the chamber. The pressure is measured by a capacitance diaphragm gauge (MKS, Baratron
626A). It is connected to a MKS-651C which controls a butterfly exhaust throttle valve (MKS,
653B, DN 100 ISO-F). Thus, the pressure could be adjusted independently of the gas flux.
The gas flux delivered by FC1 (MKS, 1179B, Qmax = 10 sccm) is admixed to the flux of
FC2 (Qmax = 100 sccm) after passing through the bubbler with the liquid precursor TTIP.
During experiments, a partition of the TTIP (Ti−(O−CH2(CH3)2)4, CAS: 546-68-9) is
diluted in the through-streaming gas according to the dependence of its vapour pressure
on temperature. Therefore, the precursor temperature TTTIP has been controlled by means
of a thermostat pumping water through the double-mantle of the bubbler. Since reference
specifications concerning the vapour pressure of TTIP are fragmentary and sometimes con-
tradictory [42–44], we estimated the concentration cTTIP in measuring the diminution of its
volume VTTIP over time t at fixed TTTIP
cTTIP = [TTIP][TTIP] + Qtot with [TTIP] =
σTTIP
MTTIP
VTTIP
t
. (1)
Here, Qtot is the total flux of the diluting gas, i.e. oxygen, MTTIP = 284.25 g/mol is the molar
mass of TTIP, and σTTIP = 0.96 g/cm3 its mass density. Hence, the resulting calibration func-
tion depending on Qtot and TTTIP is the basis for the values of the precursor concentration of
TTIP given later on. Exemplarily, the resulting dependence for Qtot = 50 sccm is given in
Fig. 2.
The monomer used was purchased from SIGMA-ALDRICH with a purity of 97%. In order
to further purify the monomer, it was vacuum distilled for approximately 30 min after fill-
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Fig. 2 Calibration function for the concentration of TTIP in dependence on the bubbler temperature for
Qtot = 50 sccm (left ordinate). Dependence derived from the measured volume diminution of TTIP in the
bubbler over time on the basis of (1). Estimation of the partial pressure of TTIP in the vacuum chamber at a
working pressure of p = 4 Pa (right ordinate)
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ing the bubbler. For this, the bubbler was heated to 368 K and pumped by maintaining base
pressure in the reactor. The TTIP conditioned in such a manner served for several consecu-
tive experiments, while keeping the monomer temperature at TTTIP = 333 K in-between the
experiments.
All experiments described were conducted with an initial gas mixture of oxygen and TTIP.
Variation of cTTIP = 0.4% to 8% was obtained by varying TTTIP = 333–358 K at constant
flux Qtot = 50 sccm, and at constant value of TTTIP = 353 K by varying Qtot = 10–50 sccm.
In order to prevent condensation of TTIP, the inner surface of the vacuum chamber was heated
to 343 K by pumping water of a second thermostat through the double-walled mantle of the
chamber. The gas supply tubing carrying TTIP, was heated electrically to a temperature of
383 K.
During experiments the pressure has been kept constant at p = 4 Pa. Compared to the base
pressure of less than 0.1 Pa, it would contribute to approximately 3% of residual gas in the
gas mixture. But, purging with the process gas at a pumping speed of several hundred cubic
metres per hour reduces the residual gas to negligible amounts within seconds. Preliminary
flow tests of different O2/TTIP mixtures did not result in any detectable deposition, assuring
that no TTIP condensates in the set-up, which might have unwontedly affected the results of
the PECVD process.
Experiments were conducted at a constant forwarded power of Pf = 200 W. The reflected
power was adjusted to Pr = 25 W ± 3 W. By this means, an asymmetric RF discharge was
operated between powered electrode and the grounded substrate holder and the vacuum
chamber. The self bias voltage varied between 300 and 600 V from experiment to experi-
ment. During a single experiment, however, it slightly increased by approximately 50 V. Films
were deposited on PET films with a thickness of 12µm. The PET films were attached to the
substrate holder by a special clamping ring put to the edge of the substrate holder, see Fig. 1.
Since in this orientation, substrates have been coated up side down, powder agglomeration
on the substrate surfaces could be reduced. Thereby, the range of the precursor concentration
investigated could be extended beyond 4%, where powder formation was found to develop.
PET films covering the entire substrate holder (Ø 14 cm) were used as substrate for investi-
gations of the light absorptance of films deposited. In addition, polished quartz glass samples
have been fixed onto the surfaces of the PET films in order to study film absorptance below
the cut-off wavelength of PET (∼310 nm). For XPS and ellipsometric measurements pieces
of Si(100) wafers have also been attached to the PET films.
2.2. X-ray photoelectron spectroscopy
To determine the concentration and the chemical status of titanium, oxygen and carbon in
the films deposited on Si wafers (1 × 1 cm), spectra were acquired on a Physical Electronics
(PHI) Quantum 2000 spectrometer at a base pressure of less than 5×10−7 Pa. The samples
were exposed to a monochromatized X-ray beam (Al–Kα: 1486.6 eV). Low-energy electrons
and argon ions were used simultaneously to compensate for electrical charging of insulating
surface areas during analysis. Emitted photoelectrons were analyzed with a hemispherical
electron energy analyzer equipped with a channel plate and a position sensitive detector.
The electron take-off angle was 45◦. The analyzer was operated at constant pass energy of
58.7 eV giving an energy resolution of 1.05 eV. The binding energy scale was calibrated for
Au 4f electrons to be at 84.0 ± 0.1 eV. Elemental concentrations are given in atomic percent
using the photoelectron peak areas after Shirley background subtraction (Multi-Pack, Version
6.1, Physical Electronics) and the built-in PHI sensitivity factors for calculation. To remove
adventitious carbon as well as surface oxide layer, prior to analysis the sample surfaces
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were cleaned by 4 kV argon ion bombardment for 30 s. This accounts for a sputtering depth
of 10.6 nm. Due to residual charging during analysis, the actual peak positions had to be
referenced to the Ar 2p peak at 241.9 eV.
2.3. Ellipsometry and profilometry
A variable angle spectroscopic ellipsometer (J.A. WOOLLAM INC., M-2000F) was used to
measure the thickness of films deposited on Si wafer samples. Two measurements were per-
formed at three different incident angles (65◦, 70◦, 75◦) in the range of 245 to 995 nm. Best fit
of the measured spectral dependencies has been found by adapting the spectral dependencies
of the refractive index and the extinction coefficient of the deposited films.
Film thicknesses obtained by means of ellipsometry could be validated by masking a
portion of Si(100) substrates during deposition, and then measuring the resulting step by
stylus profilometry (TENCOR P10). The absolute deviation between the thicknesses obtained
by the techniques was determined to be smaller than 15 nm.
2.4. UV-visible spectroscopy
Spectral transmittance and absorptance, respectively, of the films deposited on PET and quartz
was determined by a double-beam spectrometer (PERKIN-ELMER, Lambda 35) operative in
the ultraviolet and visible range. Deposited films were investigated at a beam cross-section
of 2 mm × 7.5 mm in the focal length of the sample compartment in transmission mode.
For this, a single sample (1.5 cm × 3.5 cm × 12µm) has been cut out of each PET film
coated. Spectra were acquired from 200 to 500 nm and compared to the spectral absorption
of uncoated PET.
Since PET exerts almost 100% absorption in the spectral range from 200 to 310 nm,
some additionally coated quartz sheets (3.5 cm × 1.5 cm ×1 mm) have also been analysed to
determine the spectral transmittance of the films in the respective range. A typical spectrum
obtained in this manner is shown in Fig. 6 and discussed in Sect 3.3.
For a comprehensive study of the influence of deposition parameters on the light absorption
properties of the films, the spectral absorptance
Aλ = 1 − TF (λ) (2)
has been determined for the characteristic spectral positions at λ = 310, 325, 400 and 500 nm.
In (2), the spectral transmittance of films
TF = TFilm/SubstrateTSubstrate (3)
is derived by means of the spectral transmittance of the uncoated substrate TSubstrate and the
spectral transmittance of the respective substrate coated, TFilm/Substrate.
According to Beer–Lambert’s law, a spectral absorption coefficient
aλ = − 1d ln (TF) (4)
has been derived as well. Here, d represents the film thickness. Furthermore, the cut-off
wavelength λc of each film deposited has been determined, defining the spectral position,
where transmission is reduced to 30%, what corresponds to −3 dB of total absorption.
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3. Results
3.1. Chemical composition of the films
While keeping the temperature of TTIP constant at 353 ± 1 K, the oxygen flow rate Qtot was
varied such as to vary the oxygen-to-TTIP ratio q in the range from 58 to 12. With regard
to the chemical composition of the films deposited on PET, Si wafer samples coated under
the same conditions were examined by XPS, which is a preferable method to analyse thin
films since it has an information depth of some nanometers. However, the ex situ analysis
of the chemical state of elements in titanium oxide-like films is difficult, because the neces-
sary argon ion sputtering, applied to obtain a clean spot of analysis, has been found to alter
the chemical structure of the material under investigation. The same effect has already been
addressed by McCurdy et al., who showed that due to preferential sputtering of oxygen by
the ion bombardment at energies of 2 kV (initially existing) TiO2 becomes reduced, forming
the sub-oxides Ti2O3 and TiO [33].
Since in opposition to McCurdy et al. films, in this study, underwent sputtering at 4 kV
prior to analysis, a reference of TiO2 (approximately 100 nm thick) was sputtered (15–45 s)
and analysed under the same conditions in order to identify the impact of the preceding
sputtering on the results of analysis. The reference has been prepared by thermal oxidation
(773 K, for 1 h, in air) of a titanium sheet (ADVENT LTD.) with a purity of more than 99.6%.
The spectra obtained reveal that oxygen, titanium and carbon are the major constituents of
the films deposited, while carbon is negligible at the reference. In some films, nitrogen, chro-
mium and silicon were sporadically observed, however, with atomic concentrations smaller
than 0.2%.
On the basis of the O1s, Ti2p and the C1s photo-electron peaks, the elemental concen-
trations were determined. In Table 1, the elemental composition of the TiO2 reference is
shown, after being sputtered for 45 s. In comparison to the value of [O]/[Ti]=2.03 for 15 s of
sputtering, the ratio of [O]/[Ti]=1.75 is diminished after sputtering for 45 s. Thus, a portion
of the initially existing pure TiO2 has apparently experienced chemical reduction.
Depth profiling of a film deposited (at cTTIP = 2.6%) revealed a similar effect, causing
a change of the elemental composition up to 2 min of sputtering before remaining constant.
At this stationary state, a ratio of [O]/[Ti]≈1.35 and a carbon content of approximately 4%
are reached.
In Table 1, the concentrations of the major elements of the films sputtered for 30 s are
listed versus the concentration of TTIP during the plasma deposition process. Despite a qua-
druplicating concentration of TTIP from 1.7% to 7.4%, the resulting elemental composition
remains virtually unchanged. In comparison to the stoichiometry of TTIP, the carbon content
is drastically reduced from nearly 74% to 8% at maximum. As a result, the concentrations
of oxygen and titanium have increased. At all films, the ratios of [O]/[Ti]≈1.7 were found
Table 1 Elemental composition
(atomic-%) of films deposited at
different precursor concentrations
and sputtered for 30 s
∗ Reference sample thermally
oxidised and sputtered for 45 s
before analysis
cTTIP [%] 1.7 1.9 2.6 3.8 7.4 TiO∗2
O2/TTIP ratio q [−] 57.8 51.6 37.5 25.3 12.5 –
C(1s) [%] 6.7 7.0 6.7 7.9 8 0.3
O(1s) [%] 58.8 58.5 59.7 58.5 57.9 63.4
Ti(2p) [%] 34.5 34.5 33.6 33.7 34.1 36.3
[O]/[Ti] 1.70 1.70 1.78 1.74 1.70 1.75
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to correspond with respective value of the chemically reduced TiO2 reference due to the
sputtering prior to analysis.
Furthermore, at both type of samples (TiO2 reference and deposited films) sputtered, the
peaks of the Ti(2p)1/2 and Ti(2p)3/2 core levels are similarly broad and overlapping each
other, revealing a similar composition of the oxides of titanium: Ti2O3, TiO2 and TiO (Fig.
3a). Since a similar finding has been described by McCurdy et al. [33] for pure TiO2 after
sputtering, it is likely that the majority of the titanium detected, in the films, is originally
present as TiO2, as in the case of the reference sample.
The C(1 s) spectrum (Fig. 3c), nevertheless, features the chemical formations Ti−C, C−C,
respectively, C−H and C−O at binding energies of 282.2 eV [45], 285.0 eV and 286.2 eV [46],
suggesting a small quantity of titanium-organic and pure organic structures present in the
films. On the other hand, the O(1 s) spectrum accounts for the presence of Ti−O−Ti structures
only (Fig. 3b). According to McCurdy et al. [33], the shoulder of the O(1 s) peak at 535.3 eV
results from a charge transfer due to the reduction of TiO2 by the sputtering [33]. This is
especially true since the entire carbon amount of the films is small. Although the presence of
Ti−O−C could result in a similar shoulder of the O(1 s) peak at 535.3 eV, the portion of C−O
bonds (Fig. 3c) attributable to Ti−O−C is too small to account for a shoulder as significant as
it is present in the O(1 s) spectrum (Fig. 3b).
Furthermore, the organic fraction of the films was detected to increases slightly (4%<[C]
<8%) with increasing concentration of TTIP. It reveals the presence of a small portion of
Ti−C containing structures (Fig. 3c), a bond not present in the precursor. Its origin cannot be
fully enlightened since it could also be formed due to the reducing effect of the argon ion
sputtering applied. In addition, the formation of Ti−C is rather unlikely under the influence
of the plasma in a highly oxidative atmosphere since only Ti−O bonds are present in the
precursor, which is its strongest bond.
Thus, re-correcting the detected elemental composition of the sputtered films by consid-
ering all the detected titanium to be present in TiO2, as suggested above, would lead to an
atomic concentration of the TiO2 fraction of at least 93% in all films deposited.
3.2. Film thickness and growth rate
The thickness of films deposited has been measured by means of ellipsometry. With respect to
a sub-study performed on the reproducibility of film thickness obtained at the concentration
of cTTIP = 2%, the thickness was found to vary by ±6.2 nm corresponding to a relative error
of approximately 4%. However, the film thickness and thus growth rate appear to vary more
drastically at higher precursor concentrations.
This is illustrated by Fig. 4. Here, the resulting dependencies of the growth rate on cTTIP
are compared for the deposition times of tD = 5 and 10 min, which show the growth rate to
deviate at cTTIP = 6.3%. Nevertheless, the value obtained is still within the double of the
relative error derived for cTTIP = 2%. Entire surface cleaning of the vacuum chamber and
annular gas shower done in between the experiments seems to be responsible for the change
observed.
However, excluding the differing values for cTTIP = 6.3%, the growth rate was generally
found to increase with cTTIP. Accordingly, the growth rate increases linearly from 32 nm/min
at cTTIP = 2% to 48 nm/min for cTTIP = 8% in case of 5 min deposition time. For 10 min
deposition time, a similar dependence is obtained for concentrations of TTIP below 4%. At
doubled concentration, however, the rate is significantly smaller than in the case of 5 min
deposition time.
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Fig. 3 (a) Spectra of the Ti(2p)1/2 and Ti(2p)3/2 peaks obtained at films (solid line), and spectrum of the
Ti(2p)1/2 and Ti(2p)3/2 peaks obtained at the reference sample of pure TiO2 (dashed line). Prior to analy-
sis, samples of films deposited were cleaned by 4 kV Ar+ bombardment for 30 s and the reference for 45 s.
The indicated peak attribution of chemical structures has been done according to literature [33, 45, 46]. (b)
Spectrum of the O(1 s) peak obtained at films deposited. Prior to analysis, samples were cleaned by 4 kV
Ar+ bombardment for 30 s. The indicated peak attribution of chemical structures has been done according to
literature [33, 45, 46]. (c) Spectrum of the C(1 s) peak obtained at films deposited. Prior to analysis, samples
were cleaned by 4 kV Ar+ bombardment for 30 s. The indicated peak attribution of chemical structures has
been done according to literature [33, 45, 46]
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Fig. 4 Dependence of the film growth rate on precursor concentration at different deposition times: tD = 5
and 10 min in O2/TTIP gas mixture. Rate derived from ellipsometric measurements of the film thickness and
the deposition time
This finding can be explained by the observed increase of powder formation with increas-
ing precursor concentration in the gas phase. It is obvious that the process of gas-phase
nucleation reduces the flux of species contributing to the deposition on the substrate. Since
the number of powder particles formed will increase with progressing time, the observed
reduction of the film growth rate for longer deposition times is inevitable.
Profiling of the film surface underlines the increasing role of gas-phase nucleation with
increasing precursor concentration. Here, a qualitative increase of the film surface roughness
could be observed. In Fig. 5, four surface profiles are shown, which have been acquired to
estimate the film thickness by means of a step in the deposited layer (Sect 2.3). All profiles
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Fig. 5 Surface profiles of four films deposited with steps in the layer in order to measure the film thick-
ness. Films were deposited for tD = 5 and 10 min in O2/TTIP gas mixture with precursor concentrations of
cTTIP = 1.9% and 7.4%, respectively
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feature this step from the top of the film down to the substrate surface at about midway of
the total stylus track of 5 mm.
The increase of the surface roughness from cTTIP = 1.9% to 7.4% is evident for both
tD = 5 min and 10 min. However, the film roughness hardly changes with increasing deposi-
tion time at cTTIP = 1.9%, whereas it increases significantly with prolonged deposition time
at cTTIP = 7.4%. Thus, the increase of roughness with the concentration of TTIP appears to
be predominantly governed by larger species from the gas phase being adsorbed.
3.3. UV and visible light absorbed by deposited films
The transmittance spectra of a film deposited on PET and on quartz, and the spectral trans-
mittance of an uncoated PET substrate are shown in Fig. 6. Here, the spectrum of the film
deposited on PET is only shown for 310 to 500 nm, because the strong absorption effect
of PET, below 310 nm, inhibited meaningful analysis of the absorption effect being exerted
by the deposited film. Furthermore, the high-frequency oscillation impressed to the spectra
of the film deposited on PET and of the uncoated PET is attributed to interference due to
multiple internal reflections at the interfaces of the PET film substrate. Interference is also
believed to cause the deviation of the spectra of films deposited on quartz from those on
PET above 350 nm [27]. Here, an oscillation with lower frequency is observed, because the
quartz substrate is 83 times thicker than the PET film, see Sect 2.4. Interference phenomena
are though known to vanish at lower wave lengths. Consequently, since the spectra of films
on quartz and PET were found to agree well below 375 nm, spectra of films on quartz can
be considered to reflect the spectral behaviour of films deposited on PET, especially in the
range below 310 nm.
The film spectrum shown in Fig. 6 is characteristic of all films deposited. In the range
from 350 to 500 nm, the transmittance of films is generally higher than that of PET, although
100% transparency was never obtained. The film transmittance is progressively reducing from
350 nm towards lower wave lengths. Thus, compared to the spectral transmittance of PET
(Fig. 6), an effective absorption of UV radiation is already obtained at higher wave lengths,
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Fig. 6 Transmittance of a film, TF (see (3)), which has been deposited at cTTIP = 5.4% (5.35% PETTiO021A;
QT004) for tD = 5 min in O2/TTIP mixture on PET and on quartz substrates; additionally compared to the
transmittance TPET of an uncoated PET substrate
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although the spectral transmittance of the film is slightly higher than for PET between 275
and 310 nm. Then, at wavelength lower than 275 nm, films deposited exert almost 100%
absorption.
This finding is in opposition to results obtained by Fitzgibbons et al. [27] at poly-crystalline
TiO2 on quartz, whose transmittance increased to approximately 80% with decreasing wave
length from 320 to 242 nm forming an absorption peak centred at around 320 nm. Fitzgibbons
et al. assume this behaviour to originate from an electronic transition, being typical for thin
films since for bulk single-crystals of rutile, an absorption etch at 410 nm occurs.
Anyway, the thickness dependency described by Fitzgibbons et al. [27] is unlikely to
account for the films deposited for this work since thicknesses are approximately the same.
Since Fitzgibbons et al. [27] observed, furthermore, a similar but much broader absorption
peak at thin amorphous films, we assume that the broadening as well as the occurrence of
absorption etch, as found here, is caused by a change in the chemical structure of the film
material.
With regard to the water-vapour assisted deposition method used by Fitzgibbons et al.
[27], such a change was very likely to occur when changing the annealing temperature in
order to obtain poly-crystalline and amorphous films. Unfortunately, Fitzgibbons et al. do
not at all report on the chemical composition of their films.
The cut-off wavelength of the deposited films (transmission reduced to 30%) turns out to
depend on the concentration of TTIP as well as on the time of deposition tD. The correspond-
ing dependencies obtained are shown in Fig. 7. In case of film deposition for tD =10 min, no
significant dependence of the cut-off wave length has been found for 1.7%< cTTIP < 8%,
so that a plateau is observed at λc = 325 ± 1.8 nm, while it increases with increasing con-
centration of TTIP in the range from 0.4% to 1.7%. It can also be seen from Fig. 7, that a
plateau level of λc = 316.5 ± 1.6 nm was obtained for tD = 5 min with cTTIP > 1.7%.
With regard to this and to the fact that film thickness was found to increase with increased
deposition time, the cut-off wavelength seems to be affected by an increase of the film thick-
ness for precursor concentrations lower than 1.7%. However, the reason for the plateau level
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Fig. 7 Dependence of the cut-off wave length of the films deposited on precursor concentration at different
deposition times: 5 and 10 min in O2/TTIP gas mixture. The lines shown (straight for 10 min and dashed for
5 min) are auxiliary lines to emphasis the tendency of the dependencies obtained
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found above the threshold value cTTIP = 1.7%, is intended be enlightened by additional
results as in the following.
Similar to the cut-off wave length, the spectral absorptance Aλ and the absorption coeffi-
cient aλ (Sect 2.4) were found to depend on the deposition parameter. In Fig. 8, the spectral
absorptance for λ = 310, 325, 400 and 500 nm is plotted against cTTIP. As observed for the
cut-off wave length, the values of A310 and A325 rise with the increase of cTTIP up to 1.7%.
Since the cut-off wavelength of films deposited has been determined to λc = 325 nm for
tD = 10 min, A325 attains cut-off value, while A310 increases to 95%. In the same time, A400
and A500 remain nearly constant at a level of 10 ± 5%. Above cTTIP = 1.8%, the spectral
absorptance remains constant for all wavelengths monitored. This is also true for the thinner
films obtained at tD = 5 min. Here, the level of film absorptance remains at a lower level
with A310 = 81% and A325 = 50%.
However, since the film thickness increases with cTTIP (Sect 3.2), the spectral absorption
coefficient aλ of films deposited decreases for cTTIP > 1.7%. Shown in Fig. 9, the coefficient
a310 drops from 12µm−1 (virtually 70% absorption by a 100 nm thick film) to 8µm−1 due
to an increase of cTTIP from 2% to 8%. Simultaneously the coefficient a325 decreases, while
a400 and a500 appear to increase slightly. Furthermore, the spectral absorption coefficient
appears to be the same for films deposited at tD = 5 and 10 min.
4. Discussion
As derived from XPS analyses in Sect 3.1, films deposited from oxygen–TTIP mixtures on
PET resemble the chemical structure of TiO2 with small quantities of carbon containing
inclusions; see Fig. 3 and discussion thereon. Their origin could not be fully enlightened,
and remains to further investigations.
Since TTIP already provides titanium in chemical liaison to oxygen (at a ratio of 1:4),
the chemical composition of the oxide films deposited appears to be invariant against the
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variation of the precursor concentration (1.7–7.4%), and the variation of the mixing ratio of
oxygen to TTIP (58–12), respectively.
As a consequence thereof, the optical cut-off wavelength of the films deposited for cTTIP >
1.7% does not significantly depend on the concentration of TTIP (see Fig. 7). Accordingly,
films obtained after 10 min exert cut-off at 325 nm, while cut-off was observed at 316 nm for
the thinner films deposited within 5 min. However, for cTTIP < 1.7%, the observed effect of
the precursor concentration must be attributed to the resultant change of film thickness (Fig.
4), whose influence was clearly elaborated by the comparison of films deposited for 5 min
and for 10 min.
Thus, the observed change of the spectral absorptance of films at small precursor con-
centrations (cTTIP < 1.7%, Fig. 8) is also likely to descent from the resultant change of film
thickness. However, above the threshold of 1.7%, the increasing precursor concentration and
the resultant increase of film thickness have opposite effects. Hence, depicted in Fig. 9, the
spectral absorption coefficient was found to decrease with increasing precursor concentration
above the threshold of cTTIP = 1.7%.
Thus, the absorption effectiveness of the TiO2 films deposited decreases with higher pre-
cursor concentrations. Since the films have been found to be chemically invariant (see above),
and profilometry (Fig. 5) revealed an increasing surface roughness with increasing precursor
concentration, a decrease of the film density causing diminution of the absorption coefficient
must be considered.
5. Conclusions
Films were deposited from oxygen–TTIP mixtures on PET films by means of PECVD. With
respect to chemical properties of the films, it was shown that films of mainly TiO2 are also
obtainable in a low-temperature environment on polymeric material.
These films are chemically invariant in a wide range of precursor concentration (1.7–
8%). With respect to optimal spectral absorptance, the corresponding set of the investigated
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deposition parameters was found to be at approximately 2% of TTIP and 10 min deposition
time, because the absorption coefficient decreases with higher precursor concentrations. This
effect is considered to be caused by a decreasing film density. Moreover, lower concentrations
of TTIP as well as 5 min deposition time were found to lead to film thicknesses being too
small to exert sufficient UV absorption in the range from 230 to 330 nm.
Films deposited at optimal parameters exert cut-off (70%) at 325 nm and a spectral absorp-
tance of 95% at 310 nm, while absorptance in the visible range (at 400 and 500 nm) is approx-
imately 10%.
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